The use of conventional emulsions for tack coats can cause problems as they frequently stick to the tyres of construction vehicles. Consequently, the bond between the asphalt layers is inadequate. Recently, new types of emulsions have been developed from very lowpenetration bitumen that contain no flux. They are known as 'heat-adhesive' emulsions and they are resistant to construction vehicles. However, the adhesive ability of these new emulsions has not previously been studied closely, particularly at low temperatures. The purpose of this study is to analyse the effect of different heat-adhesive emulsions and to verify their performance in service in comparison with the response of a conventional emulsion. For this reason a new shear test-the LCB test-has been developed. This test is carried out at different temperatures, both on laboratory specimens and on cores extracted from recently constructed pavements, where the same emulsions and dosages have been used. It is the modified heat-adhesive emulsion that performs best over the selected range of temperatures. The conventional heatadhesive emulsion, while performing well at medium temperatures, does not achieve the same resistance at the other temperatures as it is more temperature susceptible.
INTRODUCTION
In a pavement project, it is assumed that all the asphalt layers are going to work together; that is to say, that there is a good bond between the different layers. In order to obtain such a bond tack coats are applied during construction. However, experience has shown that the required bond is not always obtained, causing deterioration and early failure in the pavement.
The reason for this is that the final bond achieved between the layers depends on many factors: the type of emulsion used, the quantity of emulsion applied, the method of application, the adherence of the coat to the layer below, the possible effect of sticking to tyres of construction vehicles, how the new layer is constructed, the compaction level of the lower part of this layer, the mastic quality of the overlying layer, and so on.
The importance of tack coats in the performance of the pavement means that bituminous emulsions are constantly being improved. Recently, new types of emulsions have been developed from very low-penetration bitumen that contain no flux. They are known as heat-adhesive emulsions and are resistant to construction vehicles. Nevertheless, at present the adhesive ability of these new emulsions has not been studied closely, particularly at low temperatures.
The test procedures which have previously been used to assess the degree of adhesion between two asphalt layers using a tack coat can be divided into two main types: tensile and shear.
In direct tensile tests, clamps have to be tightened or attached directly onto the material that makes up each of the layers. This may be difficult to do correctly without causing eccentric loading, which would distort the test, and special clamps have to be made precisely for this purpose. These problems could be avoided if indirect rather than direct tensile tests were used. The wedge splitting test, developed by Tschegg et al., 1, 2 can be used to obtain a load-displacement curve. This is achieved by applying a force to a dual-layer specimen, by pushing a wedge into the interface between the two layers until they separate as a result of the horizontal component of the force.
The second group of tests used to evaluate the bond between layers are direct shear tests. Uzan et al., 3 of Technion I.I.T. in Haifa, Israel, undertook a practical study of the importance of tack coats. They used a type of direct shear test on a dual-layer system of asphalt mixes, varying the temperature, the quantity of tack coat and the vertical force that was applied to the specimen during the test. This test allows both the assessment of the effect of several types of tack coats by testing specimens made in the laboratory, and also the quality control in works by testing the cores. The purpose of this work is to analyse the mechanical response of tack coats while using heat-adhesive emulsions and to verify the behaviour in service, comparing it with the response of a conventional emulsion.
To this end, three types of emulsion were chosen: conventional heat-adhesive emulsion, modified heat-adhesive emulsion and conventional emulsion. The LCB shear test was applied at different temperatures, both dry and after water immersion, and both on laboratory specimens and on cores extracted from the recently constructed pavements where the same emulsions and dosages were used.
LCB SHEAR TEST
The new LCB shear test that has been developed is based on the experiences mentioned above and aims to simplify the measurement procedure. It is intended to measure the resistance to tangential stresses, caused by the application of shear force, which is produced in the bond between the two asphalt layers whether or not a tack coat has been used. The deformation or the displacement of one layer with respect to the other is also measured.
In the test, shear stress is generated in the bond of the asphalt layers to be tested, until it separates them. The specimen is then used as a beam located over two supports, with the test section very close to one of the supports so that the bending moment is almost zero and the specimen is effectively only subjected to shear stress (Fig. 1 ).
Testing of specimens: design of tack coats
The specimens manufactured in the laboratory consist of two asphalt layers between which the tack coat to be studied is applied. This dual layer system is prepared in a cylindrical mould 177 . 8 mm high and with an interior diameter of 101 . 6 mm. 13 The asphalt layers are compacted with a Marshall
Compactor by applying 100 compaction blows to the upper surface. Once the first layer, of about 10 or 11 cm in height, is compacted, this should be left to cool.
Before applying the tack coat, the upper part of the specimen is sawn off so that the tack coat is applied to a surface without asphalt mortar, which can improve the bond between layers.
Placing fresh material on a recently made layer is not the same as placing it on a worn layer, which has no bitumen on its surface. Therefore the specimen is cut by positioning it in the mould so that it is partly protruding. The upper part is sawn off and then the specimen is repositioned so that the tack coat can be applied and the next layer can be compacted. Before adding the second layer, the required quantity of emulsion to be assessed is applied with a brush and then left until the emulsion breaks.
A brush is used so that the application of the emulsion on the surface of the specimen is uniform. The quantity of emulsion used is determined from the difference between the weight of the specimen before and after the application.
Next, the hot bituminous mixture used for the top layer is poured on and compacted. Finally, the specimen is partially Assessing heat-adhesive emulsions for tack coats extruded from the mould so that the joint between the layers is 5 mm beyond the top of the mould.
The test is performed by placing the mould with the specimen inside horizontally over a base prepared with two supports 20 cm apart. The mould rests on one support and the upper layer of the specimen on the other one, in such a way that the joint between the layers is at 5 mm from this support so that the mould edge will be at 10 mm (Fig. 2) .
The joint needs to be far enough from the support to allow the specimen to break readily along the plane of the bond, but the distance must be small so that there is no bending moment in the test. A distance of 5 mm was decided on based on the experience of Uzan et al. 3 In their direct shear test a horizontal force was applied to a dual-layer system consisting of prismatic specimens positioned at this distance from the bond between the layers.
The loading piston is located over the metallic mould, 10 cm apart from each support, and a load at a constant deformation speed of 1 . 27 mm/min is applied; the speed is relatively slow, about the order of half of that used by Uzan et al., 3 four times less than that of LROP 8 and 50 times less than that of Leutner. 7 The test was performed at a slow speed in order to obtain a better appreciation of the adhesive effect of the different emulsions. These differences would be scarcely noticeable if the test were at a faster speed, especially at lower temperatures. The speed selected by Uzan et al. 3 was 2 . 5 mm/min. However, this value is not normally preset in the more basic presses, which are available in most test laboratories, and it must be remembered that one of the reasons for the development of the LCB test is to provide a standard tool for assessing finished work. Thus the speed of 1 . 27 mm/ min was selected. This was considered slow enough for the purposes of the test and, as it is the speed used for the California bearing ratio (CBR) test, is a default speed setting for the more basic load presses.
The load-deformation data are collected using a suitable computerised data acquisition system. The equation which provides the value of the shear strength on the bond joining both parts is
where ô is the shear strength, P is the maximum failure load and S is the cross-sectional area of the specimen.
Other parameters can also be obtained from the test, such as the shear modulus (the relationship between maximum tension and displacement) or the specific cracking energy (the area below the load-displacement curve divided by the cracking area). These parameters also characterise the adhesive bond between layers. However, only the peak shear strength has been considered so as to facilitate the use of the test for quality control and to minimise the effect of any deformations that could occur in the mixtures near the supports during the test.
Testing of extracted cores: control of tack coats
The same test procedure can be applied to cores extracted from the road. The cores, which consist of at least two layers, are placed in a cylindrical clamp which is tightened using bolts to hold them in the required position, in a similar way to the laboratory moulded specimens (Fig. 3) . If the test temperature is different from the room temperature, the specimens are placed in a temperature-controlled environment (oven or refrigerator) until they reach the required temperature. Although it is advisable to have a test press with a temperature-controlled chamber in order to keep the test temperature constant, the test is performed at such a speed that there will be no significant temperature change if the test is performed at room temperature.
The test method also has made it possible for cores and laboratory specimens to be tested at the desired temperature after being submerged in water for a certain time at a specified temperature.
Potti et al. 14 have compared the LCB test with other testing methods to assess the adhesion of adhesive tack coats.
• The elcometer (normally used to measure the adhesion of coatings and paints in construction materials) which, by using the principle of measurement based on the deformation of strain gauges, determines the force of traction necessary to remove the coating to be tested from its application base.
• The direct tensile test (known as endacma) on cylindrical two-layer specimens made up of two layers.
• The LCB method.
They concluded that the cohesive energy, determined by the LCB adhesion test, is the most suitable parameter for assessing adhesion between layers.
Test variability
In earlier stages of the development of the test, the variability of the results for a wide range of test conditions (different types of emulsions, different test temperatures, testing in dry conditions and after immersion) was studied by the authors. Fig. 4 shows the confidence limits of the test results for different levels of shear strength. These confidence limits have been calculated as: m AE 1 . 96ó, where m is the mean and ó is the standard deviation, calculated from three individual results.
The variation coefficients are low, but it is important to consider that these tests were carried out on specimens manufactured in the laboratory. The mixture for the upper and lower layers is always the same, so the emulsion used for the tack coat is the only variable. In this case, the variation coefficients for the shear strength of laboratory specimens range between 1% and 9%.
On the other hand, the results obtained on cores extracted from different roads have higher dispersion because the mixture of the upper and lower layer is not always the same (different mixture composition, bitumen type, bitumen content, compaction, voids content, etc.). Fig. 5 shows the confidence limits calculated in the same way. In this case, the variation coefficients range between 6% and 25%, where the number of individual results to calculate mean values ranges between 2 and 5.
APPLICATION OF THE LCB SHEAR TEST TO ASSESS THE EFFECT OF HEAT-ADHESIVE EMULSIONS
Two hard residual heat-adhesive emulsions have been used in this study: a conventional one and one modified with polymers, which will be called E1-h and E2-h-m, respectively. The third emulsion is a conventional type ECR-1 (E3), manufactured with a 150/200 penetration bitumen, and this will be used as reference. The characteristics of these three emulsions are shown in Table 1 . The quantity of emulsion used for the tack coats was 350 g/m 2 in all three cases.
The quantity of emulsion normally used in Spain for adhesive tack coats is about 400 g/m 2 . However, as heat-adhesive emulsions normally have a higher bitumen content than conventional emulsions, this value falls slightly to a fixed 350 g/m 2 .
In the first part of the study the bond given by these emulsions was determined by testing specimens manufactured in the laboratory. In the second stage, this same property was determined by testing cores extracted from three experimental sections of a constructed pavement, where the same emulsions and the same dosages were used.
Testing specimens
For the upper and lower layers of the specimens a dense mixture manufactured with calcareous aggregates was used with a maximum size of 8 mm and a bitumen content of 5 . 0% on aggregates. The bitumen was modified with polymers, type Assessing heat-adhesive emulsions for tack coats BM-1, collected according to article 215 of the Spanish technical specifications. 15 The tests were performed at a constant speed of deformation of 1 . 27 mm/min, both in dry conditions and after immersion in water at 308C for 48 h. The test temperature was varied from low temperatures, where the emulsion has a brittle behaviour (especially the hard residual emulsions) to relatively high temperatures, where the residual bitumen is softer, reducing its adhesive properties. The range of test temperatures varied from À15 to +458C.
Dry conditions test.
As an example, the average curves obtained for each of the emulsions can be seen in Fig. 6 , at a temperature of +208C. The variation of average resistance for each one of them with the temperature is represented in Fig. 7 , with the test performed at temperatures of À15, À5, +5, +20 and +458C respectively. Each of the average values has been calculated from three individual results.
When the average values of the peak shear strength shown in Fig. 7 are examined, taking into account the standard error of the test results, some significant differences in the behaviour of the emulsions analysed can be seen.
The first observation is that, for all of the analysed emulsions, the lower the test temperature, the higher the shear strength.
However, the increases in the progressive strength that can be seen when lowering the temperature of the tack coat with the E1-h emulsion, stop at À58C, so that the resistance (3 . 5 MPa) remains the same until À158C. On the other hand, for E3 and E2-h-m emulsions, the resistance continues increasing from 3 . 8 MPa at À58C to 4 . 5 MPa and 4 . 3 MPa, respectively, at À158C. The probable reason for this is that the Fraass brittle point of base bitumens is lower for these last two emulsions: +1 for 13/22 pen bitumen, À4 for the modified bitumen and À15 for the 150/200 pen base bitumens of the emulsions E1-h, E2-h-m and E3, respectively.
From the results obtained at low temperatures it can also be observed that the emulsion with a higher shear resistance is E3, followed very closely by the E2-h-m. The one with the least shear strength is the E1-h emulsion.
At +58C, however, it can be seen that the ranking of the three emulsions on the basis of resistance to shear is reversed. The emulsion that offered more resistance at low temperatures, E3, has less resistance at +58C, while the E1-h now performs better. The shear strength of specimens with E1-h emulsion decreases a little, from 3 . 50 MPa at À158C to 3 . 15 MPa at +58C. On the other hand the E2-h-m and the E3 drop from 3 . 80 at À58C, to 2 . 75 and 2 . 35, respectively, at +58C.
At +208C the strength values decrease markedly, but the tendency observed at +58C continues-that is, 1 . 5 MPa for the E1-h and 1 . 0 MPa for E3, with an intermediate value for the E2-h-m. Finally, at +458C, the strengths are very low, less than 0 . 25 MPa, and no significant differences between the emulsions were observed.
After immersion test.
The immersion test was conducted at +208C after the specimens were immersed in water at +308C for 48 h. The average resistance obtained under these conditions, with each of the emulsions (Fig. 8) , is very similar to that obtained for dry conditions. There is no appreciable decrease in the resistance as a result of the immersion. Besides, the strengths obtained have the same tendency as the ones observed under dry conditions: the conventional emulsion E3 is the least resistant to shear stress, about 1 . 0 MPa, while the heat-adhesive emulsions E2-h-m and E1-h have slightly higher resistance-1 . 3 and 1 . 5 MPa, respectively. 
Testing cores
These same three emulsions-E1-h, E2-h-m and E3-were applied as tack coats during the construction of the pavement in the C-112 highway, Valladolid, Spain, in three separate sections. They were applied between the wearing and binder courses, made with semi-dense bituminous mixtures of type S-12 and S-20, respectively; both with 60/70 pen bitumen, using the same coat dosage as before (350 g/m 2 ).
Three months after construction several cores were cut from the pavement and were tested for shear stress resistance at two different temperatures (+20 and À158C) in dry conditions. The aim was to assess the actual behaviour of the heat-adhesive emulsions at a medium temperature and a low temperature, so that the harder residual bitumen of these emulsions would show fragile behaviour, decreasing the adhesive ability.
As with the laboratory specimens, three cores were tested for each emulsion and for each test temperature.
At +208C, the average resistances obtained from the cores tested (Fig. 9) show the same trend as those obtained with specimens tested at the same temperature. Thus, the emulsion with the greater shear resistance is the conventional heatadhesive emulsion (E1-h), followed by the modified heatadhesive emulsion (E2-h-m) and finally, the conventional emulsion (E3).
However, these shear resistances are considerably lower than those obtained from the laboratory specimens. Although it is usual to obtain less resistance from cores than from laboratory specimens, in this case the reduction is more than 50%. Also, the deformations measured on cores are greater than those obtained on laboratory specimens.
It should also be noted that, as the layers are new, there is a greater amount of bitumen at the interface between the layers of the extracted cores (from the tack coat emulsion and from the mixes that comprise the layers) which means that the cores display a more ductile break, which is particularly noticeable at medium temperatures. Moreover, in some cases a deformation was produced in the mix itself close to the interface due to inadequate compaction during construction. Also, faulty operation of the injectors of the spray bar was detected that prevented a homogeneous spray.
Similar comments can be made when observing the average shear resistances obtained at À158C (Fig. 10 ). In this case the resistances obtained for all of the emulsions are very similar, somewhat higher for the modified heat-adhesive emulsion, but substantially lower than those obtained for the laboratory specimens. On the other hand, as the shear strength is low and the breaking at low temperatures is still fragile, the deformations are lower than those obtained from the specimens tested, unlike those obtained at +208C.
CONCLUSIONS
In view of the results obtained with the LCB shear test for each one of the emulsions analysed in this study, it is possible to conclude that the heat-adhesive modified emulsion, E2-h-m, performs better, although the differences observed with the other emulsions are not very great.
The conventional heat-adhesive emulsion, E1-h, performs better at medium temperatures, but at low temperatures its greater fragility means it does not achieve the shear resistances of the other emulsions. Assessing heat-adhesive emulsions for tack coats
On the other hand, the conventional emulsion E3, manufactured with a softer bitumen than the heat-adhesive ones, displays a high shear resistance at low temperatures, similar to the modified heat-adhesive emulsion, while at medium or high temperatures it has less resistance.
The strengths demonstrated after immersion, at 208C, are very similar to those obtained in dry conditions. This means that the degree of adhesion provided by all of the emulsions evaluated is not altered by immersion in water.
Moreover, the results of tests on cores confirm the trend observed with the laboratory specimens, although the shear resistance of the cores was much lower than that of the laboratory specimens due to the effect of bitumen from the mixes and to the faulty performance of the spray bar.
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